rec mutations result in an extremely low level of recombination and a high frequency of primary non-disjunction in the female meiosis of Drosophila melanogaster . Here we demonstrate that the rec gene encodes a novel protein related to the mini-chromosome maintenance (MCM) proteins. Six MCM proteins (MCM2 -7) are conserved in eukaryotic genomes, and they function as heterohexamers in the initiation and progression of mitotic DNA replication. Three rec alleles, rec 1 , rec 2 and rec 3 , were found to possess mutations within this gene, and P element-mediated germline transformation with a wild-type rec cDNA fully rescued the rec mutant phenotypes. The 885 amino acid REC protein has an MCM domain in the middle of its sequence and, like MCM2, 4, 6 and 7, REC contains a putative Zn-finger motif. Phylogenetic analyses revealed that REC is distantly related to the six conserved MCM proteins. Database searches reveal that there are candidates for orthologs of REC in other higher eukaryotes, including human. We addressed whether rec is involved in DNA repair in the mitotic division after the DNA damage caused by methylmethane sulfonate (MMS) or by X-rays. These analyses suggest that the rec gene has no, or only a minor, role in DNA repair and recombination in somatic cells.
INTRODUCTION
Meiotic recombination is an important process in sexual reproduction. Recombination creates a mixed chromosome from two homologous chromosomes derived from different individuals, and is required for faithful segregation of these homologs during the first meiotic division. In meiosis, premeiotic DNA replication is typically followed by recombination, but these two events, replication and recombination, have become controversial. The first controversy concerns whether DNA replication before meiosis is different from that before mitosis. In fission yeast, it was reported that several molecules required for mitotic DNA replication, such as MCM, are dispensable in premeiotic DNA replication, although contradictory results were also reported (Forsburg and Hodson, 2000; Murakami and Nurse, 2001; Lindner et al., 2002; Forsburg, 2002) . The second controversy concerns the relationship between replication and recombination. Several lines of evidence suggest that these two events are coupled processes and/or that recombination relies on premeiotic replication, although the molecular nature of this relationship is unclear (Merino et al., 2000; Cha et al., 2000; Watanabe et al., 2001; Borde et al., 2000) .
Meiotic recombination is thought to be initiated by double-strand breaks created during the premeiotic stage by the product of the SPO11 gene, which is known as mei-W68 in Drosophila . Spontaneous double-strand breaks in somatic cells are repaired by either recombinational repair or non-homologous end-joining. Mutations defective in meiotic recombination frequently show mitotic defects, such as mutagen sensitivity (Baker et al., 1976) . Conversely, mutants isolated by their sensitivity to mutagens frequently show meiotic defects. These facts suggest that meiotic recombination and recombinational repair in somatic cells are carried out by similar mechanisms, using at least partly the same molecules.
In Drosophila , meiotic recombination occurs only in females (for a recent review for female meiosis of Drosophila see Mckim et al., 2002) . The EMS-induced rec mutations of Drosophila melanogaster were originally identified as recombination-defective. Null alleles of the rec mutations have normal viability and have no defects in male meiosis, but meiotic recombination in the female is reduced to 1/20th of the normal level and primary nondisjunction is significantly increased (Grell, 1984) . Furthermore, the temperature sensitive period of the rec gene Edited by Etsuko Matsuura * Corresponding author. E-mail: yamamoto@ipc.kit.ac.jp is coincident with the period of premeiotic DNA synthesis (Grell, 1978 ). Here we demonstrate that the rec gene encodes a novel protein related to the mini-chromosome maintenance (MCM) protein family. Six structurally conserved MCM proteins exist in eukaryotic genomes and they have been postulated to function as replicative helicases during mitotic DNA replication (Kearsey and Labib, 1998; Tye, 1999; Labib et al., 2000) . We show here that the rec gene has no or only a very minor role in DNA repair and recombination in somatic cells.
MATERIALS AND METHODS
Fly strains. and all of them are fail to complement with each other (Grell, 1984) . Flies were reared and mating experiments were carried out in 2.4 cm × 10 cm glass vials containing standard cornmeal-yeast-glucose medium at 25 ° C.
Measurement of nondisjunction and recombination frequencies.
To measure X chromosome primary nondisjunction frequency, females to be tested were mated to Bar ( B ) males. Normal segregation results in B female and B + male progeny, while any B + female and B male progeny derived from maternal nondisjunction (Zimmering, 1976 . Recombination frequency of the X chromosome was measured using yellow ( y ), white ( w ), crossveinless ( cv ), and forked ( f ) marker genes. Heterozygous females for these markers were mated to B males, and male progeny were counted with respect to their markers. In this cross, we also scored nondisjunction frequency as above. Detailed descriptions of the mutations are found in Lindsley and Zimm (1992) and FlyBase (FlyBase Consortium, 2003) .
Molecular procedures.
Standard molecular procedures described in Sambrook et al. (1989) were employed. An ovarian cDNA library was the gift of P. P. Tolias (Stroumbakis and Tolias, 1984) . A cDNA clone, GM13293, isolated by the Berkeley Drosophila Genome Project, was purchased from Research Genetics (Rubin et al., 2000) . The alignment of amino acid sequences and the construction of phylogenetic trees by the neighbourjoining method with correction for multiple substitutions were carried out using CLUSTAL X (Thompson et al., 1997) .
Germline transformation. P element-mediated germline transformation was carried out by a standard method (Spradling and Rubin, 1982) . The Hsp83 promoter region (from -713 to +203) was amplified by PCR using Canton S genomic DNA as a template and subcloned into the P element vector pCaSpeR 4. The cDNA region of GM13293 was also amplified by PCR and subcloned into the above vector. The nucleotide sequences of PCR primers used for plasmid construction are; 5'-GGGAACT-TGAAGAAGTGCAT-3' and 5'-CAGACGCTGCTTGTTGT-TAC-3' for the Hsp83 promoter, and 5'-GCTCTAGATC-CCCAGCTGAAATGAATCC-3' and 5'-CGGGATCCTCGT-CACGTCTAATGTCTG-3' for rec cDNA. After the establishment of transformants, we detected a nucleotide substitution from T100 to C in the transformation construct, possibly caused by PCR error. This substitution confers an amino acid substitution (Phe 29 Leu) that did not appear to affect the function of the REC protein.
Determination of mutation sites. DNA fragments containing rec ORF were amplified by PCR using mutant genomic DNAs as templates. Amplified fragments were subjected to direct sequencing with an ABI 310 DNA sequencer. Following nine primers were used for PCR amplification and/or sequencing (Fig. 1b) 
Mutagen sensitivity. w ; rec 1 / TM6B females were mated to w + ; rec 2 / TM3 males, and eggs were laid on an apple juice plate for 24 hours. After an additional 24 hours, the embryos or larvae on the plate were exposed to various doses of X-rays, and these embryos or larvae were then transferred to standard food in vials. For treatment with a chemical mutagen, methylmethane sulfonate (MMS), eggs were laid on the standard food by the parents of the same genotype as above for 24 hours. After an additional 24 hours, 0.2 ml of MMS solution of various concentrations was added on the food. In both experiments, eclosed adult flies were counted to determine viability. Relative viability was calculated as follows: number of homozygotes / number of heterozygotes. Theoretically a value of 0.5 means normal viability. We also monitored w -spots on the compound eyes of the progeny derived from the above experiments. These w -spots result mainly from somatic recombination (Becker, 1976) . Spot frequency was calculated as follows: (No. of compound eyes having w -patches) × 100 / total No. of compound eyes examined. 
RESULTS
The rec gene encodes an MCM-related protein. The rec gene has been mapped by means of P element mutagenesis to a 22kb region in 89A on the third chromosome, as reported previously ( Fig. 1a ; Matsubayashi and Yamamoto, 1998) . We screened cDNAs from an ovary cDNA library with DNA fragments covering the rec gene as probes, and obtained cDNAs derived from two different genes. Sequence analyses revealed that the first gene encodes a protein with high similarity to the enzyme alpha-mannosidase II (Man II). After the completion of the genomic sequencing of Drosophila melanogaster, two genes homologous to Man II were predicted to exist in the Drosophila genome, namely, alpha-Man IIa at 85D9 and alpha-Man IIb to which our cDNAs correspond (Foster et al., 1995; Adams et al., 2000) . To examine whether alpha-Man IIb is the rec gene, P element-mediated transformation was carried out with alpha-Man IIb cDNA driven by either the Hsp70 or the Hsp83 promoter. Since none of the transformants rescued the rec mutation when heat shocked, we concluded that alpha-Man-IIb is not the rec gene (data not shown).
The second gene was identified by three cDNAs. They are terminated at different 3' sites associated with poly-A tails and independent poly-A addition signals (AATAAA). Two short cDNAs, pC28 and pC29, were produced probably by premature cDNA synthesis, as they correspond to downstream regions of the longest cDNA, GM13293 (Fig. 1b) . This gene has a single large intron of 5483bp in the coding region, and is capable of encoding a protein with 885 amino acids. The first methionine codon is at nucleotide position +18 of GM13293, and there are no stop codons between +1 and +18. The sequence immediately upstream of this first methionine codon, GCTGAA, has no similarity to the consensus sequence for translation initiation in Drosophila, CAAAAC (Cavener, 1987) . However, we estimated this cDNA to be almost full length based on the following criteria; (1) there is an in-frame stop codon at -37 and there are no methionine codons between -37 and +1, (2) no splice acceptor sites with score >0.5 are predicted between -37 and +1, (3) it has overall structural similarity to the protein family of MCMs (see below), and (4) the phenotype of the rec mutant was rescued by this cDNA (see below).
In order to examine whether this cDNA, GM13293, is actually the rec gene, a construct of the cDNA fused with the Hsp83 promoter and a P element vector, pCaSpeR4, was used for transformation experiments. Two independent transformants were obtained and assayed for primary nondisjunction of the X chromosome in the rec 1 mutant background (Table 1) . Since it was known that the Hsp83 promoter is expressed at high levels in the absence of heat shock in many tissues, especially in ovaries (Xiao and Lis, 1989 ), we did not give heat treatment to avoid damage to oogenesis. Both transformants carrying a single transgene almost fully suppressed nondisjunction to the wild-type level from the frequency (30%) observed in the rec 1 mutants. We also examined recombination frequencies on the X chromosome in females homozygous for rec 1 with or without the transgene inserted in 47D4-5, and in rec 1 heterozygotes as a control (Table 2) . We confirmed that both recombination and nondisjunction were normal in the transformants. These results demonstrated that the cDNA, GM13293, is derived from the rec gene and contains all the structural information of the gene. In this experiment, we also confirmed that nondisjunction in the rec mutant was due to nondisjunction of the non-exchanged homolog in the first meiotic division, because all of the nondisjunctional progeny (Bar + females) were wild-type with respect to y, cv, v, and f markers. In the comparison between the sequence of GM13293 and published genomic DNA sequences (Adams et al., 2000) , we detected two nucleotide substitutions. C367 and C1280 in GM13293 are replaced by T in published sequences. The three rec mutants have the same sequences as the genome sequences except for their specific mutation sites. These two nucleotide changes were accompanied by amino acid substitutions (Tyr 118 His and Val 422 Ala in GM13293). We examined genomic and cDNA sequences of a wild type strain, CantonS, and found that these were the same as those of GM13293 in both cDNA and genomic sequences. These results suggest that there are at least two haplotypes of the rec protein in Drosophila melanogaster.
Phylogenetic analysis of the MCM-related protein family. Similarity searches with the predicted REC protein revealed that REC has high sequence similarity with MCM proteins of various organisms. Six MCM proteins (MCM2 to MCM7) exist in eukaryotic genomes from yeast to human, and they are thought to function as a heterohexamer for the initiation and the progression of mitotic DNA replication (Kearsey and Labib, 1998; Tye, 1999; Labib et al., 2000) . Sequence similarity among MCM proteins in the same species is less than that between the same members among the different species, suggesting that the divergence of the six MCM proteins occurred before the radiation of eukaryotic organisms (Fig. 2b) . All MCMs contain an MCM domain in the middle of the protein, in which a highly conserved MCM box, possibly functioning as a DNA-dependent ATPase, and several less-conserved regions are detected (Ohno et al., 1998) . The REC protein also contains an MCM domain in the middle and a putative Zn-finger motif (CX2CX18CX4C) within the MCM domain, as do MCM2, 4, 6 and 7 (Fig. 2a) . REC is more distantly related to the six MCMs than they are to each other, judging from the phylogeny of the MCM proteins (Fig. 2b) . Therefore REC is confirmed to be a novel MCM-related protein in addition to the six conserved MCMs in Drosophila, and no other MCM-related proteins are found by survey of the annotated Drosophila genome. In Saccharomyces cerevisiae, there are only six MCM proteins, but sequence data reveal that in human and Arabidopsis a seventh MCMrelated protein exists (CAB55276 and AAF23296, respectively). The Drosophila REC protein is more related to the human protein, CAB55276, than to the ordinary six MCMs of any organism (Fig. 2b) . The protein AAF23296 of Arabidopsis belongs to the same clade as REC of Drosophila and CAB552765 of human. This strongly suggests that the proteins CAB552765 and AAF23296 are functional orthologs of REC in higher eukaryotes. In the genome of archaebacteria, from one to four MCM-related proteins can be identified. The phylogenetic tree of MCM-related proteins, drawn by using archeal MCMs as an outgroup, suggests that the REC lineage diverged before the radiation of the conventional six MCM proteins and, therefore, yeast may have lost the REC ortholog from its genome.
Molecular lesions of the rec mutant alleles. Among three EMS-induced rec mutant alleles, rec 1 and rec 2 are genetically null, and rec3 is a temperature-sensitive mutation (Grell, 1984) . Their genomic sequences were analyzed and it was found that the molecular lesions are consistent with the genetic phenotypes (Fig. 1b) Mutagen sensitivity of the rec mutant. It was known that many mutants defective in meiotic recombination also are defective in mitotic DNA repair. Thus, we addressed whether rec is involved in DNA repair in the mitotic division after DNA damage caused by MMS or Xrays. Tables 3 and 4 show the results of X-ray and MMS experiments, respectively. The number of progeny apparently decreased depending on the concentration of MMS or dose of X-rays, thus indicating that these treatments severely reduced viability during development. The relative viability of rec homozygotes compared to that of heterozygotes, both of which emerged as siblings, was not very low, depending on the dose of X-rays or the concentration of MMS, although a slight dose-dependent decline was observed, especially in the MMS experiment. Relative viability in control crosses (0% MMS or 0 rad of X ray) was considerably higher than expected value (0.5). A possible explanation of this may be harmful effects of balancer chromosomes on viability. In general, mutagen-sensitive mutants show a more drastic reduction, often to < 0.1 relative viability, in this experimental condition. Furthermore, somatic clones of w -, which mainly derived from somatic recombination, emerged in rec homozygotes at a frequency comparable to that in rec heterozygotes in both MMS and X-ray experiments. Again it should be noted that spot frequency increased, depending on concentration of MMS or dose of X-rays. We also monitored the somatic viability of rec homozygotes in the presence of double-strand breaks (DSBs) created by P element excision, but no effects of such DSBs on viability were observed (data not shown). In summary, we conclude that the rec gene has almost no role, or at most a redundant function, in somatic DNA repair and somatic recombination. In other word, rec is meiosis-specific, and thus is a unique gene involved in recombination. 
DISCUSSION
In this study, we showed that the rec gene, which is essential for meiotic recombination, encodes a new member of the MCM-related protein family. Fig. 3 shows the cascade of meiosis in Drosophila females. The function of the rec gene is discussed below, especially with respect to the stage of its activity.
MCMs are thought to function as DNA helicases during the initiation of DNA replication and the progression of DNA synthesis (Ishimi, 1997; Kelman et al., 1999; Chong et al., 2000) . Although ordinary MCMs had been shown to be dispensable for meiotic DNA replication in fission yeast (Forsburg and Hodson, 2000) , recent reexamination indicates that differences in the machinery of replication between mitosis and meiosis are not only qualitative but also quantitative (Murakami and Nurse, 2001; Lindner et al., 2002; Forsburg, 2002) . One can speculate that REC may perform a comparable role in meiotic DNA replication to that of ordinary MCMs in mitotic DNA replication. Recent research on meiosis has focused on the link between premeiotic DNA replication and recombination (Merino, et al. 2000; Cha, et al. 2000; Watanabe, et al. 2001; Borde, et al., 2000) . In this respect, it is interesting that the temperature-sensitive period of rec 3 (a temperature-sensitive allele) coincides with that of premeiotic S phase (Grell, 1978) . We have not yet determined whether or not premeiotic DNA replication occurs in the rec mutants. However, the following facts suggest that failure of premeiotic DNA replication in the rec mutants is an unlikely scenario: (1) electron microscope analyses of the premeiotic stage of the rec mutant failed to reveal any anomalies, including any in synaptonemal complex structure (Grell and Generoso, 1980) ; (2) oogenesis is completed normally; (3) the oocytes develop normally except for a lack of recombination. An alternative explanation is that rec has a meiosisspecific accessory function during premeiotic DNA replication stage, and that this function is essential for the subsequent recombination process but non-essential for replication itself. This idea is consistent with the observation that rec has no or only a minor role in somatic DNA repair and recombination. In lower eukaryotes, several lines of evidence have indicated that meiosis-specific events, such as recombination and reductional chromosome segregation, are linked or coupled to premeiotic DNA replication (Borde et al., 2000; Watanabe et al., 2001) . These studies have suggested that the premeiotic DNA replication process includes functions besides replication itself that are specialized for subsequent meiotic events, such as recombination. The rec gene might per- form such meiosis-specific but unknown functions during premeiotic replication. Since the first event after DNA replication might be the formation of programmed double-strand breaks (DSBs), it would be interesting to know whether DSBs are formed or not in the rec mutants.
Recently okra and spn-B mutants in Drosophila, homologs of RAD54 and paralog of RAD51, respectively, in yeast, were shown to be defective in both DSB repair in meiosis, thus leading to recombination defects, and oogenesis, thus leading to female sterility (Ghabrial et al., 1998 ). RAD54 belong s to Swi2/Snf2 helicase family, while RAD51 is a homolog of recA and thus might function in strand invasion, an initial step in DSB repair. Primary defects of both mutants, okra and spn-B, are thought of as failures of DSB repair in meiosis, and oogenesis defects are secondary effects via the activation of a meiotic checkpoint, in which mei-41 is involved (Ghabrial and Schüpbach, 1999) . Prominent defects of oogenesis in these mutants are observed in dorsoventral patterning. We examined the eggs laid by rec homozygotes, but none of these eggs showed dorsoventral defects (unpublished results). Again we emphasis that null alleles of rec have fertility. This may indicate that rec functions before the creation of DSBs, instead of in DSB repair, and may support the idea that rec is required for an accessory function during meiotic DNA replication as stated above. Sterility of okra and spn-B is rescued by the mei-W68 mutant, which is defective for DSB formation (Ghabrial and Schüpbach, 1999) . Thus, if rec cannot form DSBs, we predict that rec will also rescue the sterility of okra and spn-B.
Another possible explanation for rec function is that the rec gene acts in the meiotic recombination process itself and plays no role in premeiotic DNA replication. A possible function of REC in recombination may be as a DNA helicase, as postulated for the conventional MCMs during DNA replication. In the double-strand break repair model of recombination, DNA helicase activity is needed in various aspects. These helicase activities may be provided by homohexameric REC proteins. Meiotic DSBs are repaired and processed either as cross-overs or gene conversions, thus whether rec is also involved in gene conversion in addition to crossing over is an important question. The mei-218 mutant in Drosophila is known to affect only crossing over but not gene conversion, and also is not required for mitotic DNA repair (Carpenter, 1982; .
Phylogenetic analyses of MCM protein family revealed that possible rec orthologs exist in human and Arabidopsis. Recently this candidate ortholog of rec in human, CAB552765, was reported as MCM8 (Gozuacik et al., 2003; Johnson et al., 2003) . In these studies, however, MCM8 was shown to be detected in fibroblasts and tumor-derived human cell lines as well as in normal human liver and skeletal muscle. Furthermore, MCM8 was co-immunoprecipitated with MCM4, MCM6 and MCM7 (Johnson et al., 2003) . This result suggests that MCM8 may interact with other MCM proteins to alter the function of the replicative MCM protein complex. In Drosophila, two MCM mutations, Mcm2 and a mutation of MCM4, dpa, have been found (Treisman et al., 1995; Feger et al., 1995) . In order to examine a possible interaction between the rec and MCM mutations, we measured recombination frequency in the X chromosomes of females heterozygous for rec 2 and Mcm2 or dpa (unpublished results). Although we found no reduction in recombination frequencies in these flies, it is not sufficient to conclude that there is no interaction between rec and conventional MCM proteins during recombination process. We conclude that structurally related but independent molecules, conventional MCMs and REC, act in the different but related processes, replication and recombination, respectively. Further functional analyses of rec gene and also of possible REC orthologs in other higher eukaryotes will give us fruitful insights into the relationship between replication and recombination, and the general mechanisms of meiosis in higher eukaryotes.
